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ABSTRACI’ 

Two model field theori,es inwlving scalar and fermion 

fields with contact interactions are ana!.yzed. The models 

are solved in the large-N limit. It is shown that chiral 

symmetry of the Lagrangian is realized in the spctrun. The 

anomalous magnetic manent of the compsite fermions is shown 

to be m,/G, where mF and m B are the masses of the fermionic 

and hosonic preens, respectively. Finally a semi-realistic 

model which incorprates the known gauge interactions is 

constructed. 
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I. INTRODUCTION 

It is widely accepted that the main problem in 

constructing compxite models for quarks and leptons 

consists in obtaining composite fermions whose mass is much 

smaller than the scale of binding. In the dynamical 

mechanisms proposed so far such fermions arise as massless 

"beryons" in a Yang-Mills theory with unbroken or partially 

broken chiral. symmetry [l], as Goldstone fermions of 

dynamically broken supersymmetry [21, or as supersymmetric 

partners of Goldstone lmsons of a spontaneously broken 

global symmetry [31. Although all these approaches have 

contributed to the development of new ideas, they have not 

produced a simple calculable model in which one could 

compute things l~ike masses of the boound states, their 

anomalous magnetic manents etc. 

In this paper we examine two model field theories 

involving scalar and fermion fields with contact 

interactions. These interactions are non-renormalizable, 

therefore we have to keep the cutoff as a physical 

parameter. We consider N-component scalar and fermion 

fields in the limit of large N and solve the theory to the 

leading order in lh. 

We find that in this limit the chiral symmetry of the 

Lagrangian is generally realized in the spectrun. The mass 

of the fermion-scalar bound state is proportional to the 

explicit chiral symmetry breaking terms as, for example, the 
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mass term for the fermionic field. In particular, the mass 

of the bound state fermion does not depend on the mass of 

the scalar field. 

We compute the electromagnetic couplings of the 

composite fermions with the particular interest focused on 

their anomalous magnetic manents. They turn out to be of 

order mF/G, where mF and mg are the masses of the fermionic 

and bsonic constituents, respectively, thus confirming 

suggestions made earlier by several authors. 

Finally, we show how to incorporate the gauge 

interactions in our model and construct a semi-realistic 

model for qarkks and leptons. 

II. THE FIRST IQDEL 

In this Section we discuss our simplest model described 

by the Lagrangian 

where C(@,, $,,...t a,, and +- (JI,, IJ,, . . . , tJN) are 

N-component scalar and fermion fields respectively. Note 

that the chiral symmetry is explicitly broken by the 

interaction and by the fermion mass term (if m{O) . The 

latter is included for the sake of generality and the zero 

fermion mass limit of the theory is straightforward. The 

Lagrangian (2.1) is the simplest one describing interacting 
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seal ar and fermion fields. Since 

renormalizable (g has dimension (mass 1 

this theory is not 
-1 ) we shall introduce 

an ultraviolet cutoff A for the mcmentun integrations. Then 

OUT model is an analog of the Nanbu-Jona-Lasinio model [41 

with fermionic bound states. 

We now proceed to solve the theory in the leading order 

in l/N in the large N limit. The dominant graphs in this 

limit will be those containing the maximal nunker of 

scalar-fermion loops, Fig. 1. In order to sun up these 

diagrams, we transform the Lagrangian (2.1) to an equivalent 

Lagrangian of the gaussian form with respect to $ and e by 

adding the following term to it: 

-- ; (T+$-c+Yi, (q- jf&$++) 1 (24 

The contribution of this term reduces to just a nuneri cal 

constant in the mth integral formalism. The resulting 

eqivalent Lagrangian is given by 

If we eliminate 4 and q fran this Lagrangian by using their 

equations of motion, we will recover the original 

Lagrangian, Fq. (2.1). As is seen fran Eq. (2.2), q 

represents a composite operator ~,I$+*$, so that it describes 

a composite fermion if its propagator has a pole. 
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II-I order to find the mass of the bound state, we 

integrate out $ and @ fields in favor of q and s and define 

the effective action for q and 4 by 

erpiiS,K(S,9)~rS~d~;d~~d~~d~;lexpCiS~~)6r ). (2.41 

After the integrations over J, and I$ are performed, we find 

jdxqq+iNTrh(+1-- 

= so + Lt , (2.5) 

where SO denotes the bilinear term for q and Sint the rest: 

and 

s,,=-id +Tr(&CQ Y&Y,,)~. (2.7) 
n-2 

If we wish to include gauge fields , we have to replace a and 

3 with the appropriate covariant derivatives in Eqs. (2.6) 

and (2.7) . 

It is now easy to obtain the propagator of the field q 

defined by 
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i G-‘(p)= - ~ g+r\l (2:; i p&)~ q&- r, 

q’A(p*)- B(pz), (2.3) 

where 

A v>- (4r)2 ?z- LLQ*h2. -p r’ 5 

and 

R’ 0(p2)+- + $prJ~ 

(Z.\OJ 

for m<<u<<h. 

In order to obtain the correct normalization, we 

introduce the renormalized compsite quark field and the 

renormalized coupling by 

(2.12) 

and 

(2.13) 

Then the renormalized campsite quark propgator is given by 

where 

~;Bo,2n+‘. 
A % 

As long as m<<u<<A, the mass of the compxite quark is wry 
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nearly independent of the mass of the scalar preon and can 

be made arbitrarily small by having a light fermionic preon 

and the large cutoff A (since gR=lnh2/u2). At first glance 

this seems surprising--we obtain a light composite fermion 

by binding a light fermion and an arbitrarily heavy scalar. 

However this result can be understood in terms of the chiral 

symmetry of the Lagrangian (2.1) . E!q. (2.15) gives the 

composite fermion IllaSS as the SUll of the 

chiral-svmetr]IFbreaking terms. It is important that the 

chiral symmetry is realized in the Wigner mode. 

III. ELECICRO&R@IETIC INTEPACX'IONS 
AND THE ANOMXLOUS MAAETIC MOmI?l' 

Phenomenologically the electrcnnagnetic interactions 

and, in particular, the anomalous mawetic mcments are very 

important tests of compositeness of quarks and leptons [51. 

We investigate here the electrcanagnetic properties of the 

composite fennions described in previous Section. 

Let eP and eS be the charges of the $ and $+ fields, 

respectively. The electrmagnetic interactions are then 

included by replacing the derivatives by the covariant 

derivatives, 

#-q-ie,$r# 

Cl - (++ iesAp)‘z p’ 

in the quadratic term of the action, !Ig. (2.6), yielding 
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~z~,Ar)=-iNTr(~*~75~m~*4)- $ jqq d+x (3.0 

We expand the propagator; s 

1 1 -=- 
D=t t*’ 0-t r-’ 

and 

(D2_a2)&z + . . . , 

1 
-=;?II--+ 

ipf-m 
&(iJ?5-+) & -f ‘. . ’ 

and keep only the linear terms in A 
lJ' 

s@‘(q , Ap) = P[q ) + fls’2’(q) , 

where 

(3.2) 

A s”iq )= NJ & J (2x) d’s %(-~-k)rr(ptk)cl,(p)A,(k). 
(3.3) 

The vertex function r', diagrammatically represented in 

Fig. 2, is 

z 

+ie, &E 
5 (2*)4 (p$Lr'"#&-" 

--+-&a;. (3*41 

In order to oMain the local effective Lagrangian, we expand 

rU(p,k) in powers of k', 
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%J9= r,r(P)+k, W(p)+. . . 

I-!-’ 0 and l-NV are readily computed by expanding the 

propagators, 

Z+&-+ . . s 
pr2 - p2 

and 

$,+imrn =2&-#& y;;r+ * * * % 
For ""0 we obtain 

Z~r(p~=-%~f$~&Ys*~ 

= (++e,Jyp 
and for the renormalized vertex function 

Foy(p)=(e,+eF),r 5ep. 

63.4 

As expected, the bound state muples to the #oton as a 

femion, with the strength determined by the total charge. 

Our main goal in this Section is to calculate the 

anomalous magnetic manent of the b3md state,which is 

obtained as the antisymmetric prt of ZTpv(p): 
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-- z(rpw-- r”d- $nrY’+&$;. (3,8) 

The effective Lagrangian is 

em a& 
“ep, = N - 

p’ A& % - flPYq& , 

P 

(3.3) 

where q,:~-~~q, with q=q/Ny5~t-$, is the renormdLised 

composite fermion field. The anomalous mawetic mcment is 

proportional to the mass of the fermionic constituent and 

inversely proFJrtiona1 to the scalar mass squared. Although this 

WCl.3 suggested by several people [61, we find it reassuring 

that in our model that can actually be confirmed by explicit 

calculation. 

One might attempt to construct a realistic composite 

model for quarks and leptons based on the model proposed 

here. However there appears to ke no simple way of 

incorporating the gauge theory of weak interactions. The 

problem is that the interaction term in the 

Lagrangian (2.1), not being chirally invariant, breaks SU(2) 

gauge symmetry. 
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IV. THE SECJND M3DEL 

The difficulties in incorporating the weak interactions 

in the model described in the preceding sections are related 

to the fact that the interaction is not chirally invariant. 

For that reason we study here a similar model, but with a 

contact interaction which is chirally invariant. The 

Lagrangian of the model is 

X2 = T(++m)++++(-o-r*‘)+-- $(p+)i ##J+L 

where the notation is the sane as in previous section, 

except that the coupling constant g now has dimension 

(mass)-2. Chiral symmetry is now broken only by the possible 

fermion mass term, and if it is not spontaneously broken we 

might expect the mass of the composite fermion to be 

proportional to m. 

In order to solve the theory (4.1) in the large N limit 

we add the following term tos2 

leading to the following ewivalent Lagrangian: 

This Lagrangian, except for the mass term for J,, is 

invariant under chiral rotation, 
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+ 7th - /@ 

4 - gi7req , 

(b-p 4. 
(4.4) 

The calculations are done analogously to those in the 

previous section and the result for the propagator of the 

campsite field g can again be written as 

i G-‘(p)=,+(pZbqp2), 

where now 

and 

A(p)= 2(yK)2Ln$$+~$z 3 

B(p’)=(*h + - 

When h2>>u2,m2,p2, the bound state propagator becomes 

i G-‘(p) = Z-‘($A 2~). 

(a, 4 

(4.61 

Thus the mass of the bound state is twice the mass of the 

fermionic preon and independent of the mass of the scalar 

preon. Chiral symmetry of the Lagrangian is again realized 

in the spectrun and in presence of explicit breaking (i.e. 

mJ0) the bound state acquires mass directly proprtional to 

the magnitude of the symmetry breaking term. 
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V. A MJDEL OF QJARKS AND LSPTCNS 

Since our model is a non-confining one, the preon $ has 

to be an observed particle as well as the campsite fermion 

9. It is tempting to identify JI and q with leptons and 

quarks. In this section we present a semi-realistic model 

based on this idea. In order to incorporate the strong, 

weak and electrunagnetic interactions we have to use the 

chiral symmetric Lagrangian (4.1), since the simplest 

Lagrangian (2.1) breaks gauge invariance. For simplicity we 

discuss the model of one generation of leptons and quarks. 

We assmne the standard assignment for leptons, namely 

V +=i 1 L 
@L ) 

I=Yz , y= -1 

Jk= vu and eR , 1% 0, %o~dI=o, y-2. 

The right handed neutrino, of course, does not couple to the 

gauge bosons. The scalars appear in a color triplet @,with 

I=0 and Y--2/3 and a color singlet H=(H+ Ho) with 1=1/2 and Y=l. 

Our model Lagrangian for these fields is 

2 = Q @3;+“;$- P vR t &+$eR+ ++(_g- r’>+ 

-f ($-He,+ h.c.) 

- $ ~~J;,~)~~[~L~+)+~~R)cpr(e,~t)~~~~~iv,~tt)} , (‘*‘) 
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where 

n,+=(a,- 5IdW; -i$+YB,h , 

with Ic(=1/2~o: for 1=1/2 and zero for I=O, and 

AN’ a w; and B,, are the gauge fields of SU(3jc, SU(2jL and 

U (1) interactions. 

As in the previous sections we add the following terms 

to the Lagrangian: 

E -c 
“b (q,- +++ $&o-l(~;- 3J%4+, 

+ LJ Ii:+ 

3 
( 

$$+pq(i~~‘(u;+ $J?k&-f) 

+ +p: + $+ip)(i$y(&+ 5 qh&++) ) 

where the superscript c indicates the charge conjugate 

fields, and 

75; E c& (z)=i(-;;). 
R 

With that we obtain the linearized Lagrangian 
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Ze= JLi$$L+TRi,%VR+ a,+J%+- +i(-D'-pz)+ 

- f ($&le, + h.c.) 

+~{~‘;(i~T19’,+~;~~)-lu~+ &((ipYd: 1 

-(~;$+++- +;i;q;-i&p++- ++;-d;v,&+~d;). 

Variations with respect to qi, u: and < give P.2) 

9; = ~~p(‘#4~ 

UC,= - -p&++), 
(5.3) 

The reason why we have to use the charge conjugate fields is 

that, e.g., I.#($,$+) is a right handed field with the weak 

isospin l/2, and cannot be assigned to either q, or q,. 

Hence it is assigned to qi which has the sane quantun 

nunters. 

By eliminating the Q field we obtain the Lagrangian of 

the standard model for qarks and leptons as an effective 

Lagrangian of our onmpasite model, 4. (5.1). In the 

framework of our model this essentially completes the 

program which the realistic model for composite quarks and 

leptons will eventually have to fulfill: starting frcm the 

fmdamental Lagrangian, obtain the mass spectrun of the 

ccmpcsite fennions and derive the standard model as an 

effective low-energy theory. 
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The main purpose of this paper was to present a 

sufficiently simple model in which this program can be 

carried through explicitly. Fran the point of view of 

phenomenology, the main criticism of the model described 

here is that it does not appear to offer a clue as to the 

generation problem. One could, of course, have preons 

appearing in generations, but to our mind that goes against 

the main philosophy of having composite quarks an leptons. 

The contact interaction, 4. (4.1), is certainly too simple 

to produce the generation structure dynamically. 
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FIGJRE CAPTICNS 

Fig. 1: The daninant antribtion to the scalar-fermion 

bound state in the large N limit. 

Fig. 2: The electromagnetic vertex of the campsite 

fennion. 
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